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SUMMARY 



In order to determine whether or not flaps could "be 
expected to have any beneficial effect on take-off per- 
formance, the distances required to take off and climb to 
an altitude of 50 feet were calculated for hypothetical 
airplanes, corresponding to relatively high-speed types 
and equipped with several types of flap. The types con- 
sidered are the Eowler wing, the Sail wing, the split 
flap, the balanced split flap, the plain flap, and the ex- 
ternal-airfoil flap. 

The results indicate that substantial reductions in 
take-off distance are possible through the use of flaps," 
provided that the proper flap angle corresponding to a 
given set of conditions is used. The best flap angle for 
taking off varies inversely as power leading and, to a 
much -smaller extent, varies inversely with wing loading. 
Apparently, the best take-off characteristics are provid- 
ed by the type of device in which the flap forms" £tt exten- 
sion to the main wing as in the case of the Eowler wing 
and the external-airfoil flap. 



INTRODUCTION 



The present trend toward very high speeds and higher 
wing and power loadings in airplane design lends increased 
importance to the problem of improving take-off performance 
Controllable and automatic propellers have proved to be of 
considerable value in reducing take-off distances but, 
with these exceptions, little else has been accomplished 
toward this end. -".^^ 

A number of high-lift devices have7b~een developed ~^o' 
compensate for the effects of high wing loading and clean 
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lines on landing performance. Those of the flap type- have 
proved very satisfactory for use on high-speed airplanes 
since they not only provide the desired effectiveness in 
landing but also cause little or no detriment to the maxi- 
• mum speed. 

The purpose of this analysis was to determine whether 
or not such deyices might also serve to improve take-off 
performance. Calculations of the horizontal distance to . 
take off and climb to an altitude of 50 feet were made for 
a number of a-ssumed cases involving the use of several 
types of flap and covering wing and power loading condi- 
tions corresponding to those encountered in high-speed 
airplanes. • 

The types of high-lift devices considered are: 

Fowler wing 
Hall wing 
Split flap ■ 
Balanced split flap 
Plain flap 

External-airfoil flap 

These devices were chosen arbitrarily to provide a reason- 
able number of cases. For each type of device, the siase 
of f-lap considered was that which would probably be most 
commonly used in^practice. Several flap angles were in- 
vestigated, for each type. Calculations were also made for 
a hypothetical wing having ideal characteristics provid- 
ing for the greatest possible reduction in take-off dis- 
tance. The plain-wing, or flap-neutral, condition was in- 
cluded as the basis of comparison for the various devices. 
Eahges of wing and power loadings were chosen to 'include 
most high-speed conditions. 

It- is intended in this analysis to provide a compar- 
ison among the various devices and conditions considered 
rather than to present, accurate values for individual 
cases. 

Method of analysis 

Assump tions The taker-offs were assumed to be made 
at full power throughout, with no wind, and to consist of 
three phases: first, the accelerated run over the ground 
at the attitude of least total resistance up to the best 
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speed for taking off; second, the transition arc, or peri- 
od of change, of the flight .path from that of the ground 
run to that of the steady climb; and' third, the steady 
climb up to an altitude of 50. feet. The last two phase s_ 
were assumed to be made at the same speed as tho take-off. 

It was assumed that an automatic propeller permit- 
ting development of full rated .ongine spe-ed and brake 
horsepowor at all "air speeds would bo used.* It should bo 
noted that the "result's will apply very nearly as- well to 
tho case of. a controllable propeller with a single blade- 
angle sotting for the. low- speed range since in this range 
the optimum blade angle varies only" slightly. A parasite- 
drag coefficient of 0.02 was taken. for all cases as repre- 
sentative of tho high-speed highly loaded .type of airplane 
and. was assumed to be independent of angle of attack. -A 
value of 0.0 5 was used for the coefficient of ground ' fric- 
tion corresponding to average. Ian iing-field surface condi- 
tions. Uo correction was made for ground"" effect owing to 
the difficulty and uncertainty of applying available in- 
formation on the subject of this work. The probable in- 
fluence on the results of neglecting this~ effect is dis- 
cussed at another point. 

The lift and drag characteristics for the hypo the ti- 
cal ideal wing. were ao, chosen as to provide an indication 
of the limit to which reduction in total take-off distance 
through modifications to the wing is possible. The profil 
drag was assumed to be zero, and a value of 3. "2 "was taken 
for the maximum lift coefficient, as the "calculations indi 
cated that higher values of lift coefficient than this 
would afford little or no added advantage in taking off 
under normal loading conditions. Probably such a combina- 
tion of- lift and drag characteristics could be approached 
only with some device incorporating boundary-layer control 

T est" data .- The lift and drag characteristics, used in 
the calculations we.re obtained from wind- tunnel- 1 est data 
of model wings equipped with full- span flaps of the vari- 
ous types to be investigated (references 1 to 6), the ar- 
rangement and dimensions of which are shown in figure 1. 
The tests were all made in the same wind tunnel out a dif- 
ferent system of testing and a different Reynolds Kumbor 
were used for the plain flap and the balanced split flap 
from tho ones used for the other devices so that they may 
not be' strictly comparable. So correction was' made for 
jet-boundary effect with either tost system, but it was 
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found, t"hat the results in e-ither case correspond very near- 
ly to an aspect ratio of 5 for free air. The Reynolds Num- 
ber for the tests of the plain- flap and balanced split flap 
was 1,218,000 and for the other devices 609,000. The Clark 
Y airfoil section was used for the main -wing of all the de- 
vices with the exception of the ext ornal-airf oil flap, 
which was fitted to a wing having the N.A.C.A. 23012 air- 
foil section. With this device^ the flap is extended in 
tho neutral" position instoad of being rotractod into the 
wing as in tho case of tho others. Tot this - work, howev- 
er, the lift and drag coefficionts and wing loading wero 
"based on the main-plane area alone rather than on the to- 
tal area sineo_in this way tho minimum drag coefficient 
with tho flap noutral corresponds to that for tho plain 
Clark Y wing, or f lap-noutral , condition of the other do- 
vices. 

Ca lculations *- The general equation of motion for the 
airplane during the ground run is: 

W/g T U = T - D - \x (W - L) (1) 

where is the gross weight of the airplane; T, D, and 

L arB the thrust, drag, and lift, respectively, at any 
instant, corresponding to the speed V; and \i is the 
coefficient of rolling friction between the wheels and the 
ground, i.e., the- ratio of rolling resistance to wheel 
loadingT assumed to be constant. Since 

P « p/2 S V s 

" " ". • *h. ._ 

L = C L ^ p/2 S V s 

where and C.^ correspond to the. attitude main- 

tained during the ground run 

and T = T 0 - K p/2 V s 

whero T Q is tho static thrust , and K is the constant 

•of linear variation of thrust with tho square of the speed 
(as oxplaincd later)-, equation (l) may bo intogratod bo- 
twoon the limits 7=0 and V = Vj , tho speed of take- 
off, to give the equation for the dietance covered in tho 
ground run: 



N.A.C.A. Technical Note So. 568 



W/S 



pg 



- 0 



-I] 



log. 




(3) 



The attitude of least resistance during the ground run is 
defined "by the algebraic maximum of the- factor M-Cj^ - C-j^ 

and this value was therefore used in the calculations. 



The actual motio'n of the ai 
arc is defined by very complex e 
sis, however, it was considered 
assume a simple motion as in ref 
path of the airplane during the 
arc of constant radius tangent t 
to the height at which the prope 
tained. 



rplane in the transition •' 
quations. For this analy- 
sufficiently accurate to 
erence 7 for which the 
transition consists of an 
o the ground and extending 
r angle o~f climb is at- 



The radial acceleration during the transition is then: 



from which 



V 2 
_ 

R = 



W/g Y a 
L 5 - Tki 



where 



and 



R is the arc radius, 

L x , the lift required for straight flight. 
L 2 , the lift exerted in following the arc. 



Since R is constant it may be defined from the condi- 
tions at the beginning of the arc. as 



R = 



W/g V^a 



L 2 - W 



or 



R 



2 - W/S 



PS 



(3) 



It is obvious that the arc radius R and therefore the 
horizontal distance required in performing the transition 



becomes shorter as the difference- between " 



and 



J T 
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increases. In order tliat this difference shall "be as 
large as possible, C T is taken as 0 T . This proced- 

L a L max 
lire may not he valid in some cases where the excess power 
is very low, that is, where the drag and the wing and power 
loadings are high. For such cases, however, the transi- 
tion distance is so short in comparison with the distances 
covered in the other two phases of the take-off that the 
error involved is slight. The assumption of an arc of 
constant radius involves, of course, also the assumption 
that angle of attack and lift coefficient change instanta- 
neously at the beginning and conclusion of the transition, 
which although actually not true probably introduces only 
a small error. 



The horizontal distance covered in the transition is 
given by: 



D 3 = E sin 9 = 2 ff/ S (- ^ sin 



e 



(4) 



'max 



where 8 is v the flight-path anglo . during the subsequent 
steady climb. 

The angle' of the flight path during the last phaso of 
the ta^re-off, the steady climb, is determined from 

• sin 8 = - 



f_or wh£ch the thrust T is assumed to act along the flight 
path, or 



'hen, since 



(- 

p/2 Vf cos e 
w/s 85 ~cT"~ 



and cos 8 may be taken as 1 in view of the generally 
small values of 8, .... . 



„ la e = ^- (| + - 0 p 3 ) £ 



where and correspond to the speed V 3 main- 

tained In the steady- climb. 
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In reference 7 it is shown that to realize the shortest Eo- 
tal take-off 

^L 3 ^1*5? 



and therefore 

s 



in 9 = !L° - + 0 D — (5) 

H \$ D T/ Cr_ 



The horizontal distance covered in the steady climb is 

where H a is the height to he cleared (50 feet) and H x 
is the height attained in the transition, or 

H-L = R (1 - cos 9) 

In the determination of the thrust relations for use 
in the equations, the automatic propellers were assumed 
to permit full rated engine 'speed and brake horsepower at 
all air speeds. Propeller diameters giving maximum effi- 
ciency at top speed were determined, according to the 
method and information of reference 8, for a number of con- 
ditions involving various values of maximum speed and brake 
horsepower. The thrust characteristics in the low-speed, 
take-off range for these conditions were derived from data 
given in reference 9. 

For a given propeller the variation of thrust from 
the static condition was found to be very nearly linear 
with the square, of the velocity in the take-off range 
and can therefore be expressed as 

AT = K p/2 V s 

Moreover, for a series of - propellers designed for the same 
top speed the value of K varies directly with brake 
horsepower 

or K = B X b.hp. 

where the factor B depends on the top speed V ma3C . 

Then . . . 

AT = B X b-hp. X p/2 V 2 
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likewise the static thrust T c was . shown frc vary direct- 
ly with brake horsepower, for a given top speed, so that 

T 0 •= -A X hi hp* 
where A is also a function of V^^-. 

Thus, the. thrust at any speed in the take-off range for 
any condition becom.es 

I = b.hp. (A — B p/3- V 3 ) (7) 

The relations between the factors A and B and maximum 
speed are shown in figure 2(a). 



At maximum speed the equation of forces is 



T 



^max 



Gd o + Cl) p + pFrr A.E. U maJC a/ 



■pjmarl 
2 W/S 



where A,E, is the effective aspect ratio t Oj) the para- 

3? 

site-drag coefficient, and G I>0 the minimum wing profile- 
drag coefficient. The value of - Cd q = 0.010 was taken 

from full-scale test data since this corresponded more 
closely to high-speed conditions than the value 0-.015 de- 
termined by the low- scale trersts from. which the character- 
istics of the high-lift devices were obtained, 

1^ was" found that Tv also varijes directly with 

'max 

brake horsepower for a given top speed 

Ty « t. a . - ^HL,-1. 
„_ i.x, r - ------ VMS - - ..Si. ii V 

SO that — — " ■ « -- >" " *' : - - 

W W/hp.. 

where 0 is a function 'of V maX as shown in figure 2(a). 

jTom these equations the relation betwe-en W/ S , w/hp, 
and "''may ma y DB determined. This relationship is shown 
in figure 2(b). It is then possible to determine the Val- 
ues of. the factors A and B_-.to correspond to given wing 
and power loading conditions. 
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The equations for the various phases of the take-off^ 
"become in their final form: 

Ground run: ty£oW* t <Q - 

W/S " ^ 

D x = 



ps [(m-c Li - o Di ) - b f^-^rj 



log e 

Trans it ion: 
_ 2 W/S 



1 + 



(M.0 Ll - C Pl ) - B g^fg7 



(8) 



r 



'-La 



_W£S / , 1 \ 



A 



w/hpT"^ f/ip. t / c L \ 



(9) 



Steady climh: 

PS Vc L -c LlF / 



max 
tan sin' 



1-cos sin" 



i ' : ! — ~ - ± — <1Q ) 



-1 



W/hp 



y/s 

W/hp . 



?or e 



ach set of conditions several values of 



■with corresponding values of 



were assumed in order 



to determine 'the minimum total distance for that condition. 



EBSULTS 



The minimum total take-off distances for all the de- 
vices and conditions considered are listed in tahle I. 
Figures 3 and 4 show the effect of variation of _ flap angle 
on the total take-off distance for the Fowler wing and the 
Hall wing, respectively. In figure 5 the flap angles giv- 
ing the shortest total take-off distance are plotted 
against power loading for three wing loadings for each of 
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the high- lift devices considered. The total take-off dis- 
tance at the best flap angles for all the' devices is plot- 
ted against power loading for three wing loadings in fig- 
ures 6, 7, and 8. Curves for the plain-wing, or flap- 
neutral, condition (for the external-airfoil flap) and for 
the ideal wing are also included in these figures for com- 
parison. In figure 9, the ground run, transition, and 
climb for take-off at best flap angles are plotted, sepa- 
rately against power loading for one wing-loading condi- 
tion. The plain-wing, or flap-neutral, condition also is 
shown here for comparison. 

Although not of primary importance to the .comparisons , 
iir~nrsy~ be of some int~eres"t to note the lift coefficients 
corresponding to the best take-offs. For the Fowler wing 
and external-airfoil flap, the shortest total distance 
with the flaps deflected to their best angle is apparently 
realized when the take-off is made at a lift coefficient 
of about 78 percont of the maximum, regardless of the load- 
ing condition. For all the other devices considered, the 
lift coofficient giving tho shortest tako-off distance, al- 
though independent of wing loading, varies from about P2 
percent of the maximum lift coefficient at the lowest power 
loading to about 89 percent at the highest. 



DISCUSSION 



The extent to which the* total take-off distance is 
influenced by the angle of the flap may be seen in figures 
3 and 4. There is a fairly definite minimum on all the 
curves; therefore, in order to derive the greatest possi- 
ble benef it "in taking off for a given set of conditions, 
the flap should be set at, or very close to, the proper 
angle to correspond to those conditions. This considera- 
tion is particularly important at the higher wing and power 
loadings for which the take-off distance increases more aT>- 
ruptly than at lower loadings with variation of flap angle 
from the optimum value. The effect may be more critical 
with one type of device than with another as shown by the 
differences in tho curves for the Eall and Fowler wings, 
which represent the extremes of variation of all the de- 
vices considered; in any case, however, the effect is- suffi 
ciently marked to - deserve considerable attention. 

Figure 5 shows that the variation in best flap angle 
with power loading may be fairly large. The magnitude of 
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this variation differs coiisiderably among the several" de- 
vice's but, its trend is very nearly the same; in all cases 
the best, flap angle decreases with increasing power load- 
ing. The best flap angle varies with wing loading in the 
same manner but ■ to a much smaller extent than with power 
loading. Apparently no general conclusions can be drawn 
as to the proper flap angle to be used for - a given -set of 
conditions, as it varies rather widely among the different 
devices and would probably vary considerably with differ- 
ent flap sizes for the same device. 

Figures 6, 7, and 8 indicate that appreciable savings 
in total take-off distance may be expected through use of 
any of the high-lift devices considered when operating at 
their optimum flap angles. With a given device and wing 
loading the percentage reduction in distance from that re- 
quired with the plain-wing or flap-neutral condition de- 
creases very nearly linearly with an increase in power"'"""" 
loading. On the other hand., for a given device and a given 
power loading, the percentage reduction' is practically con- 
stant for all wing loadings. 

Of the particular form of devices considered, the 
Fowler wing and external-airfoil flap appear to be by far 
the most promising, both requiring very nearly the same 
take-off distance except at high power loadings where the 
distance for the latter is somewhat shorter. As the take- 
off distance for the flap-neutral condition of the exter- 
nal-airfoil flap is considerably less than for the plain- 
wing condition (corresponding to flap neutral with the 
Fowler wing) the actual reduction in take-off is greater 
with the Fowler wing. For the Fowler wing the reduction 
ranges from 44 percent at the lowest power loading to 27 
percent at the highest. For the external-airfoil flap the 
reduction from the flap-neutral condition varies from 36 
to 21 percent. With the plain Clark Y wing as the basis 
of comparison, the reduction with the external-airfoil 
flap is between 42 and 29 percent. There is little dif- 
ference between the Hall wing and split flap in total 
take-off distance, the reduction in both cases over the 
distance required for the plain wing ranging between 24 
and 11 percent. Although the results for the plain flap 
and the balanced split flap are not strictly comparable 
with those for the other devices, a separate comparison 
should be valid. Of the two, the' balanced split flap 
gives the shorter take-off for all conditions, the reduc- 
tion for this device varying ' from 20 to 16 percent with 
power loading. Tho reduction provided by the plain' flap 
is between 22 and!2 percent; 
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For the ideal wing the reduction in total take-off 
distance from the plain-wing condition is approximately 
50 percent for all loading conditions, being slightly 
greater than this, at low power loadings and slightly less 
at the high values. This-valuo may he considered as the 
limit to which such reduction is possible. 

Owing to the neglect of ground ef f e~ct , these esti- , 
mates of the reductions in take-*-off distance gained with 
the various devices are probably somewhat conservative. 
Since the influence of ground proximity on a wing is- es- 
sentially to increase iirs effective aspect ratio (refer- ' 
once 10) , the resultant reduction - in induced drag would be 
considerably greater with the high-lift devices than with 
the- plain wing, thus tending to reduce the take-off "dis- 
tance more for the formor case than for the latter and 
honce increase the advantage of the high-lift devices. 
There is some evidence to the effe-ct that nearness to the 
ground prtrduces increased lift, particularly at_ low angles 
of attack, but information regarcLing this phenomenon is of 
such a nature as not to permit a. prediction of the effect 
that it would have on the results of this analysis. 

Some cons iderat rtm should likewise be given to the 
possible effect- of wind on the comparisons. This effect 
may be., con sidered as the summation of the effects of a 
wind of constant velocity and a corresponding wind veloci- 
ty gradient with altitude (ref-ereuce 11). It may be seen 
trhat ordinarily the time required to take off and climb to 
a given altitude will be longer, in — p-rup~o~r~tion to the hor- 
izontal . di stance covered, with the high-lift devices than 
with the plain wing. Consequently, the effect of a steady 
wind, which is" roughly proportional to the time required, 
will result in a greater" per c en ta.g.e reduction in distance 
with the high-lift devic-es than with tho plain wing. Cal- 
culations have indicated that the effect increases the 
percentage reduction in total take-off distance between 
that for the plain wing and- that for the high-lift devices 
by a small amount. The wind g_radient , the effect of which 
depends on the rate of climb, would usually be of greatest 
benefit to the plain-wing condition. Its effect is, how- 
ever, less than that of the steady wind so that the over- 
all effect of wind would slightly increase the advantage 
of the high-lift device. 

It is interesting to note from figure 9, which shows 
the effect of the various devices ..an tho separate phases 
of the "take-off at'a'wing loading, of 1&.3, that practical- 
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ly all the difference between the total take-off distance 
with the flaps operating at their optimum angles and with 
the flaps neutral may be accounted for by the difference 
in ground run. Although the distance covered in the steady 
climb is loss with the flap neutral than with" the flap de- 
flected to its best angle, the distance required in per- 
forming the transition is correspondingly greater so that^ 
in general, the distance covered from the Instant the air- 
plane leaves the ground until it attains an altitude of 
50 -feet is very nearly the" same in either case." "It should 
be remembered, however, that the flap angle giving the 
shortest total take-off distance will not ordinarily cor- • 
respond to that giving the shortest ground run so that the 
maximum reduction in the ground run proT>abiy would not be 
a -true indication of the maximum reduction in the total 
take-off distance. 



CONCLUSIONS 



1. Substantial reductions in the distance required 
by an airplane to take off and clinlb to an altitude of 50 
feet should be possible through the use of flaps'. " 

2. It is necessary to use the proper flap angle cor- 
responding to a given loading condition in order to real- 
ize the greatest advantage to be gained with the flaps. 

3. The optimum flap angles for take-off vary in- 
versely as the power loading and in the same manner but to 
a much less extent with wing loading. 

* .-i . 

4. The flap arrangement for which jfche flap forms an 
extension to the main wing, as with the bowler wing and 
extornal-airf oil flap, appears to provide the best charac- 
teristics for take-off. " '** 



Langlcy Memorial Aeronautical Laboratory, 

National Advisory Committee' for Aeronautics, 
Langley Field, Va. , April 24, 1935. 
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TABLE I 



MINIMUM TOTAL DISTANCE IN FEET TO TAKE OFF AND CLIMB TO 50 FEET 



Wing loading (W/s) 


29.4 


29.4 


29.4 


21.7 


21 7 


21 7 


1 R 55 


J.D.O 


U 1 
10.O 


power loading (w/hp.) 


15.0 


11.0 


8.0 


15.0 


11.0 


8.0 


15.0 


11.0 


8.0 


Maximum speed (Vm^) 


194 


221 


245 


176 


202 


225 


160 


181 


205 


Device 


Flap angle degrees 


C Lmax 




















Plain wing 




1.26 


3410 


2545 


2065 


2525 


184Q 


1490 


1875 


1360 


108P 


Fowler wing 


10 
20 
30 
40 


2.10 
3.5Q 
2,75 
2.83 


2550 
2550 
2785 
366Q 


1715 
1610 
1635 
1780 


1360" 
1330 
1155? 
1205 


w 1865 
1810 
1945 
2455 


1260 
1170 

KVo 
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Figure 1.- Arrangement and dimensions of the variouB types of flaps. 




Figure 2b.- Relation between wing loading, 
and maximum speed. 
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3?igure S.-Variation of total take-off distance with flap angle 
for the ffowler wing. 
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Figure 4.-?ariation of total take-off distance with flap angle 
. for Hall wing, 
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Figure 5.-Variation of best flap angle with power loading W/hp. and iriLng 
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Figure 6. -Variation of total take-off distance at Best flap angle with 
power loading. (Wing loading, W/s = 16-3) 
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Figure 7-Variation of total take-off distance at "best flap angle with 
power loading. (Wing loading, W/s = 21.7) 
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figure 8. -Variation of total take-off distance at best flap angle with 
power loading. (Wing loading, W/s = 29.4) 
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.figure 9. -Variation of dlstaricej. covered, in the different phaees of the take-off 
at he3t flap angle with power loading. (Wing loading, W/s = 16.3). 



